The purpose of this study was to analyze associations between prenatal factors and cerebral palsy in a geographically based cohort of very low birth weight infants. Cases (n = 80) and controls had birth weights of 500-1,500 g and were born in [1978][1979][1980][1981][1982][1983][1984][1985][1986][1987][1988][1989], to a resident of one of 17 counties in northwest North Carolina. Medical records were reviewed for data about prenatal and neonatal factors. Associations were analyzed separately for three clinical forms of spastic cerebral palsy (hemiplegia, diplegia, and quadriplegia) and for cerebral palsy with and without antecedent major cranial ultrasound abnormalities. The following factors were associated most strongly with an increased risk of cerebral palsy: multiple gestation, chorioamnionitis, maternal antibiotics, antepartum vaginal bleeding, and labor lasting less than 4 hours. Preeclampsia and delivery without labor were associated with a decreased risk. Evidence of confounding was found for each of these associations, except for those with chorioamnionitis and labor lasting less than 4 hours. The association with chorioamnionitis was stronger for diplegia (compared with hemiplegia and quadriplegia) and for cerebral palsy without major cranial ultrasound abnormalities. Associations with antepartum vaginal bleeding (increased risk) and preeclampsia (decreased risk) were stronger for cerebral palsy occurring with major cranial ultrasound abnormality. Am J Epidemiol 1998; 147:362-9. cerebral palsy; chorioamnionitis; infant, premature; infant, very low birth weight; pre-eclampsia
ment among studies include differences in criteria used to select cases, different methods of controlling confounding due to gestational age (matching vs. regression), and the distribution of infants across clinical subtypes of cerebral palsy (hemiplegia, diplegia, etc.). In addition, a recent study suggests that the strength of associations with prenatal factors could depend on whether cerebral palsy occurs in association with a major abnormality on cranial ultrasonography. Thus, Paneth et al. (12) found that magnesium sulfate was associated with a lower risk of cerebral palsy among infants with major ultrasonographic abnormalities found at age 7 days or later, but was not associated with nondisabling cerebral palsy (which, more often than not, was found in the absence of major cranial ultrasound abnormalities) (8) . In the studies cited above, the proportion of cases with ultrasound findings suggestive of white-matter necrosis (persistent ventricular enlargement or parenchymal echodensities or echolucencies) has ranged from 54 percent (8) to 89 percent (11) .
In our study, we have attempted to address the methodological issues just discussed. Confounding by gestational age was assessed with matched controls as well as with logistic regression. Associations between prenatal factors and cerebral palsy were explored across clinical subtypes and were compared for cases with and those without antecedent major cranial ultrasound abnormalities.
MATERIALS AND METHODS Subjects
Cases and controls had the following characteristics: 1) birth weight of between 500 and 1,500 g; 2) born between January 1, 1978, and December 31, 1989 , to a resident of one of 17 counties in northwest North Carolina; 3) birth at the only tertiary obstetric referral center serving this 17-county region; and 4) absence of any major congenital anomaly.
All surviving infants who met these criteria were scheduled to come for a multidisciplinary evaluation at 1 year adjusted age. This evaluation has been described in detail elsewhere (13) and includes a physical and neurologic examination by a pediatrician and testing with the Bayley Scales of Infant Development, administered by a psychologist. If the examining pediatrician suspected cerebral palsy, a pediatric physical therapist examined the infant, and cerebral palsy was diagnosed only if the pediatrician and physical therapist agreed on the presence of abnormal control of movement or posture with impairment of motor function.
The clinical subtypes of cerebral palsy that were considered in our analysis were defined as follows: spastic hemiplegia-involvement of an arm and leg on the same side of the body; spastic diplegia-involvement of both legs with minimal to no involvement of the arms; and spastic quadriplegia-involvement of all four extremities.
One set of controls were the two very low birth weight infants bom closest in time to the respective case, who after examination at 1 year of age were felt to be free of any signs of cerebral palsy (unmatched controls). A second set of controls was obtained by using the criteria for unmatched controls and the additional criterion of having the same gestational age as the respective case (matched controls).
Data about risk factors
The medical records of mothers and neonates were reviewed by an investigator who was not aware of which subjects were cases. Maternal age, race, marital status, and source of prenatal care were ascertained from review of the mother's medical record. The diagnoses of chorioamnionitis, preeclampsia, antepartum vaginal bleeding, and multiple gestation were based on the obstetrician's discharge diagnoses, listed in the mother's medical record. A standardized form, completed by obstetric nurses at the time of delivery, was the source of data about the occurrence of fetal heart rate abnormalities, duration of labor and rupture of membranes, fetal presentation, route of delivery, and Apgar scores. The Apgar score, while measured after delivery, was included in our analysis, since this measure is an observable (although nonspecific) correlate of the degree of impaired gas exchange during labor and delivery (14) . Medications given to mother were identified by reviewing summaries of medication orders, which were contained in the mother's medical record.
Placental abruption was considered present if listed as a discharge diagnosis or if noted in a pathologist's description of the placenta or an obstetrician's delivery note. The neonate's medical record was used to collect data about birth weight, gender, gestational age, and cranial ultrasound abnormalities. Estimates of gestational age usually were based on the date of the mother's last menstrual period, but when this date was not known, an estimate based on fetal ultrasound examination was used. If no obstetric estimate was available, an estimate based on a pediatrician's examination was used (15) . Infants were classified as small for gestational age if their birth weight was less than the tenth percentile for gestational age, using reference data reported by Lubchenco et al. (16) .
Data about cranial ultrasound examinations, from neonates' medical records, were available for nearly all study subjects born after 1982 (60 cases and 116 controls). The reliability of interpretations of cranial ultrasound examinations at our institution has been reported elsewhere (17) . The categorization of cranial ultrasound abnormalities was based on review of all ultrasound examinations performed during the neonate's initial hospitalization, using the following definitions, modified slightly from those proposed by Stewart et al (18) : 1) uncomplicated periventricular hemorrhage (subependymal (germinal matrix) or intraventricular hemorrhage) not associated with parenchymal echodensities or followed by ventricular dilatation or hydrocephalus; 2) complicated periventricular hemorrhage (subependymal or intraventricular hemorrhage) associated with posthemorrhagic hydrocephalus requiring placement of a shunt or persistent, but nonprogressive, ventricular dilatation; and 3) intraparenchymal echodensity defined as extending from the germinal layer or ventricles into brain tissue (consistent with parenchymal extension of periventricular hemorrhage, hemorrhagic infarction, or hemorrhagic periventricular leukomalacia) or echodensity superolateral to the ventricles in the periventricular white matter. 1) Odds ratios were computed to describe univariate associations between dichotomous factors and cerebral palsy. Continuous variables were dichotomized by contrasting subjects with values above and below the 25th percentile. Exact 95 percent confidence intervals were used to express the precision of odds ratios. Associations that were explored further, as described below, were those for which univariate associations were statistically significant at the 0.05 level.
2) The potential confounding effect of gestational age on associations between potential risk factors and cerebral palsy was assessed by using logistic regression models, with gestational age entered as a continuous variable. The assumption of logistic regression that continuous variates have a linear effect on the log odds was examined as described by Harrell and Lee (19) ; there was no evidence for violation of this assumption about the effect of gestational age.
3) To assess confounding among prenatal complications, we performed stratified analyses involving pairs of prenatal factors for which univariate associations were statistically significant at the 0.05 level. 4) To assess whether associations differed across clinical subtypes of cerebral palsy, we also performed analyses for strata defined in terms of the clinical subtype of cerebral palsy (defined above). 5) To explore whether associations between certain prenatal factors and cerebral palsy depend on the presence or absence of antecedent ultrasonographically evident brain damage, we compared odds ratios for stratum of cases in which major cranial ultrasound abnormalities (persistent ventricular dilatation and parenchymal echodensity or echolucency) were present, with odds ratios for the stratum in which major ultrasound abnormalities were absent.
Analyses were performed using the microcomputer programs PC-SAS (SAS Institutes, Inc., Cary, North Carolina), EGRET (Statistics and Epidemiology Research Corporation, Seattle, Washington), and STATXACT (Cytel Software Corporation, Cambridge, Massachusetts). The SAS macro, RCSPLINE, was used to test the linearity assumption of logistic regression.
Sample size considerations
With two controls for each case, the sample size available for study (80 cases) provided a power of approximately 80 percent for detecting odds ratios of 2.3-2.5 for factors with prevalences of 0.15-0.25.
Data from a previous study by one of the investigators (13) suggested that the prevalences of chorioamnionitis, preeclampsia, antepartum vaginal bleeding, and magnesium sulfate would be in this range.
RESULTS
In the 12 years in which study subjects were born, a total of 1,559 neonates were admitted to the two intensive care nurseries that serve the 17 counties from which our study sample was drawn. A total of 1,228 (79 percent) were born at the single obstetric referral center in that region, and 881 of these neonates (72 percent) survived to age 1 year, adjusted for prematurity. Of those who survived to 1 year adjusted age, 651 (74 percent) returned to our center for a multidisciplinary evaluation.
Among infants examined at age 1 year, 83 were diagnosed as having cerebral palsy. Three cases thought to be due to a postneonatal event were excluded (one due to an anoxic episode and two due to head trauma from child abuse). Excluding these three children and assuming that children not returning for examination at 1 year did not have cerebral palsy, the prevalence of cerebral palsy was 9 percent among the cohort of very low birth weight infants who survived to age 1 year and 12 percent among those who were examined.
All subjects with cerebral palsy had a spastic form of this disorder. Abnormalities common to these infants were hypertonicity, accentuated deep-tendon reflexes, lack of expected protective responses, and delayed motor development. On the basis of subjective judgment by the examining pediatrician, three quarters of cases were classified as having moderate or severe neurologic abnormality and one quarter as having mild abnormality. More than three quarters of cases of cerebral palsy had a Bayley Scales Psychomotor Developmental Index of less than 68.
The study sample is described in table 1 in terms of several attributes of mothers and infants. No associations were found between cerebral palsy and these attributes, except that infants with cerebral palsy had a lower mean birth weight than either group of controls and lower gestational age than unmatched controls. When these two factors were entered into logistic regression simultaneously, only the association with gestational age persisted (odds ratio per week increase in gestational age = 0.79 (95 percent confidence interval 0.66-0.93)).
In table 2, associations are presented based on 80 infants with cerebral palsy, 160 unmatched controls, and 80 gestational age-matched controls. The odds ratios in tables 3 and 4 are based on singleton cases and controls. The effect of excluding twins can be Irrespective of whether twins were included, chorioamnionitis, labor lasting less than 4 hours, maternal receipt of antibiotics, and antepartum vaginal bleeding were associated with an increased risk of cerebral palsy, and preeclampsia and delivery without labor were associated with a decreased risk. Associations with prenatal factors, except for chorioamnionitis and labor lasting less than 4 hours, were attenuated when adjusted for gestationai age, irrespective of the method used for adjustment (table 2 ). An association with multiple gestation was found only when gestationai age-matched controls were used, consistent with the possibility that gestationai age confounded the relation between multiple gestation and cerebral palsy (table 2) .
For assessment of confounding among prenatal factors, stratified analyses were performed involving all possible pairs of factors for which univariate associations were found (chorioamnionitis, maternal antibiotics, labor lasting less than 4 hours, antepartum vaginal bleeding, preeclampsia, and delivery without labor). When stratified by chorioamnionitis, the association with antibiotics was attenuated (summary odds ratio = 1.6, 95 percent confidence interval 0.7-3.7). No other evidence was found for confounding among prenatal factors.
Associations, grouped by clinical subtype of cerebral palsy, for those factors with the strongest univariate associations are shown in table 3. Because of previous research, discussed above, magnesium sulfate is included. Variation in the strength of associations across clinical subtypes was most evident for chorioamnionitis and preeclampsia. Preeclampsia was associated more strongly with hemiplegia and quadriplegia than with diplegia. In contrast, chorioamnionitis was associated more strongly with diplegia.
A major cranial ultrasound abnormality was present in 2 percent of controls, 32 percent of infants with diplegia, 52 percent of infants with quadriplegia, and 70 percent of infants with hemiplegia. Associations between prenatal factors and cerebral palsy with and without major cranial ultrasound abnormalities are presented in table 4. Chorioamnionitis and maternal antibiotics were associated more strongly with cerebral palsy without antecedent major ultrasound abnormality, whereas the associations with antepartum vaginal bleeding (increased risk) and preeclampsia (decreased risk) were stronger for cerebral palsy following a major ultrasound abnormality.
DISCUSSION
One objective of our study was to identify prenatal events associated with the risk of cerebral palsy in * Cl, confidence interval. t Odds ratio for absence of labor prior to delivery versus occurrence of labor, i Odds ratio for labor shorter than 4 hours in duration versus no labor or labor longer than 4 hours. § Odds ratio for labor longer than 16 hours versus no labor or labor shorter than 16 hours. Adjusted odds ratios are from logistic regression models including gestational age as a continuous variable.
very low birth weight neonates. In this regard, the principal findings were that chorioamnionitis, labor lasting less than 4 hours, multiple gestation, and antepartum vaginal bleeding were associated with an increased risk, while preeclampsia and delivery without labor were associated with a decreased risk. With each of these associations, except for chorioamnionitis and labor lasting less than 4 hours, confounding by gestational age was detected, regardless of whether matching or regression was used to assess confounding. With regard to preeclampsia, our results support the conclusion of Arnold et al. (20) , who have shown that because of confounding by gestational age, factors that can affect fetal growth rate (e.g., preeclampsia) may appear protective of adverse outcomes in analyses of very low birth weight cohorts.
A second objective of our study was to explore associations between prenatal factors and cerebral palsy across clinical subtypes (hemiplegia, diplegia, and quadriplegia) and across strata defined in terms of the presence or absence of major crania] ultrasound abnormality. Our analysis suggests that the association between cerebral palsy and chorioamnionitis is stronger for cerebral palsy without major cranial ultrasound abnormality and stronger for diplegia (the subtype in which 68 percent of infants lacked ultrasound abnormalities). Unlike chorioamnionitis, preeclampsia was associated more strongly (although inversely) with hemiplegia and quadriplegia (most cases of which have major cranial ultrasound abnormalities) and more strongly with cerebral palsy occurring with ultrasound abnormalities. These findings suggest that the lower risk of cerebral palsy among infants born to preeclamptic mothers is in large part due to a lower risk of major cranial ultrasound abnormality (which has been observed previously (21-23) ), whereas the increase in risk with chorioamnionitis cannot be fully explained by an increased risk of ultrasound abnormalities.
In agreement with Pinto-Martin et al. (8), we observed a decreased risk associated with delivery without labor, which was attenuated when adjusted for gestational age. On the other hand, the increased risk associated with unusually short labor (less than 4 hours) did not appear to be due to confounding by gestational age. This factor has not been included in previous studies of cerebral palsy. However Leviton et al. (24) observed an association between labor that lasted less than 6 hours and germinal matrix hemorrhage, suggesting the need for further study of this factor. tSEH/IVH, subependymal/intraventricular hemorrhage; OR, odds ratio; Cl, confidence interval.
In contrast to the studies by Nelson and Grether (9) and Schendel et al. (10) , but in agreement with that by Paneth et al. (12), we found only a weak association between treatment of the mother with magnesium sulfate and a decreased risk of cerebral palsy. The reason for the Am J Epidemiol Vol. 147, No. 4, 1998 disagreement among the three studies does not appear to be a difference in the indications for magnesium treatment since similar proportions of mothers were treated with magnesium sulfate for pregnancy complications other than preeclampsia (Grether and Nelson, 57 percent; Paneth et al., 61 percent; and this study, 67 percent). It would appear that a randomized controlled trial of magnesium sulfate is needed to confirm or refute the potential benefit of this intervention.
Antepartum vaginal bleeding was associated with an increased risk of cerebral palsy, but this association was attenuated somewhat when adjusted for gestational age. This association was found in a study by Grether et al. (7), but not in studies by Murphy et al. (5) and Cooke (6) . Some disagreement across studies could be due to different definitions for bleeding. In the study by Grether et al., vaginal bleeding on admission was considered, and the prevalence in controls was 12 percent. In other studies, the timing of bleeding was not defined, and the prevalences in controls were 28 percent (5) and 40 percent (6) . In future studies, it might be informative to analyze associations with antepartum bleeding defined in several ways. In our analysis, the association between antepartum vaginal bleeding and cerebral palsy was found only for cases of cerebral palsy with major cranial ultrasound abnormalities, consistent with previous studies in which antepartum vaginal bleeding has been associated with ultrasound abnormalities (25) (26) (27) (28) .
In contrast to previous studies (6, 8, 29) , twin gestation was associated with an increased risk of cerebral palsy, but only when gestational age-matched controls were used. Although this finding could be due to random error, it is plausible that an increased risk of cerebral palsy in twin gestations was masked in analyses involving random controls, since multiple gestation was one of the factors found by Arnold et al. (20) to be associated with being relatively mature and undergrown (and thus a likely confounder).
Like Pinto-Martin et al. (8), we found that a majority of infants with cerebral palsy had an antecedent major cranial ultrasound abnormality, most often, intraparenchymal echodensity. As Leviton and Paneth (30) have noted, epidemiologic studies of neurosonographic abnormalities should yield information about the causes of cerebral palsy in very low birth weight neonates. However, it is important that investigations also be made of cerebral palsy itself, since major cranial ultrasound abnormalities were absent in 46 percent (28/61) of the cases described by Pinto-Martin et al. (8) and 47 percent (28/60) of the cases whom we studied.
Several limitations of our study should be noted. Data about prenatal events were collected retrospectively, increasing the likelihood of misclassification with respect to pregnancy complications. This source of bias could have been particularly large for chorioamnionitis. This diagnosis typically is based on the presence of maternal fever plus one or more of the following: maternal or fetal tachycardia, uterine tenderness, foul-smelling amniotic fluid, and maternal leukocytosis. However, research by Hillier et al. (31) suggests that if maternal fever is required for the diagnosis of chorioamnionitis, many women with histologic evidence of placental inflammation will be not diagnosed correctly. We would expect that misclassification of subjects with respect to prenatal exposures was nondifferential with respect to cerebral palsy, thereby attenuating associations.
Another possible limitation of our study is that cerebral palsy was ascertained at an age that might be regarded as too early for the condition to be reliably diagnosed. Nevertheless, the criteria we used for diagnosis were sufficiently stringent that all cases met a criterion used by Pinto-Martin et al. (8) to define "disabling cerebral palsy" (receipt of physical therapy for motor disability). We would expect that unreliability in the diagnosis of cerebral palsy due to examiner error would be nondifferential with respect to exposure status and therefore would attenuate associations with prenatal events. On the other hand, differential misclassification could arise from unreliability due to resolution of neurologic abnormality after age 1 year. If so, some of the disagreements between our study and earlier ones (in which the diagnosis was made no earlier than age 2 years (7, 9-10) might be due to the earlier age at which the diagnosis of cerebral palsy was made.
A possible source of bias relates to the cohort from which infants in our study were selected. As discussed by Arnold et al. (20) , when a cohort of preterm infants is defined in terms of birth weight, factors that decrease the fetal growth rate will be more prevalent with increasing gestational age. It is possible, then, that preeclampsia decreases the fetal growth rate and, hence, is associated with increased gestational age and therefore a lower risk of cerebral palsy. On the other hand, neither chorioamnionitis nor labor lasting less than 4 hours is known to be associated with decreased fetal growth.
Our study has several implications for future etiologic studies of cerebral palsy in very low birth weight infants. First, more investigation is needed of the association of chorioamnionitis and cerebral palsy, with attention to pathophysiologic mechanisms that do not involve intracranial hemorrhage. Dammann and Leviton (32) have reviewed the biologic plausibility of a causal association between intraamnionitic infection and cerebral palsy. In addition, more study is needed of the antecedents of rapid labor, a risk factor for cerebral palsy in this study. Our findings indicate that about one half of very low birth weight infants with cerebral palsy do not have intracranial abnormalities detectable by ultrasonography. Thus, etiologic study is needed of both cerebral palsy and the ultrasound abnormalities with which it is associated. Further, our analysis suggests that the strength of associations with prenatal factors may depend on whether or not major cranial ultrasound abnormalities are present. Finally, future research should be carried out with larger samples, as could be obtained by multicenter collaboration, thereby permitting investigation of possible causal pathways linking prenatal factors with subsequent cerebral palsy.
